Selenomonas ruminantium synthesizes cadaverine and putrescine from L-lysine and L-ornithine as the essential constituents of its peptidoglycan by a constitutive lysine/ ornithine decarboxylase (LDC/ODC). S. ruminantium grew normally in the presence of the specific inhibitor for LDC/ODC, DL--difluoromethylornithine, when arginine was supplied in the medium. In this study, we discovered the presence of arginine decarboxylase (ADC), the key enzyme in agmatine pathway for putrescine synthesis, in S. ruminantium. We purified and characterized ADC and cloned its gene (adc) from S. ruminantium chromosomal DNA. ADC showed more than 60% identity with those of LDC/ODC/ADCs from Gram-positive bacteria, but no similarity to that from Gram-negative bacteria. In this study, we also cloned the aguA and aguB genes, encoding agmatine deiminase (AguA) and N-carbamoyl-putrescine amidohydrolase (AguB), both of which are involved in conversion from agmatine into putrescine. AguA and AguB were expressed in S. ruminantium. Hence, we concluded that S. ruminantium has both ornithine and agmatine pathways for the synthesis of putrescine.
Polyamines such as putrescine, cadaverine, and spermidine are essential constituents of peptidoglycan and they play a significant role in the maintenance of the integrity of the cell envelope in Selenomonas ruminantium, Veillonella parvulla, V. alcalescens, and Anaerovibrio lipolytica.
1-3) When S. ruminantium and two species of Veillonella are grown in a medium supplemented with putrescine or cadaverine, putrescine and cadaverine respectively link covalently to the -carboxyl group of the D-glutamic acid residue of the peptidoglycan, which is catalyzed by diamine:lipid intermediate transferase, in normal cell growth. [3] [4] [5] [6] [7] In S. ruminantium, both putrescine and cadaverine are constitutively synthesized from L-ornithine and L-lysine by lysine/ ornithine decarboxylase (LDC/ODC), which has decarboxylase activities towards both L-lysine and L-ornithine with similar K m . 8) Hence, our LDC was designated lysine/ornithine decarbozylase (LDC/ODC). 9) LDC/ ODC activities are prevented irreversibly by DL--difluoromethyllysine (DFML) or DL--difluoromethylornithine (DFMO). 8) Since S. ruminantium has no Lornithine specific decarboxylase, 10) LDC/ODC is thought to be an important enzyme supplying putrescine and cadaverine in the construction of diamine-containing peptidoglycan. 8) In S. ruminantium, the production of LDC/ODC is highly regulated and strictly linked to the growth phase, i.e., a drastic decrease in LDC/ODC The first and the second authors contributed equally.
activities occurs on entry into the stationary phase of cell growth, due to rapid degradation of LDC/ODC. 8) Rapid degradation of LDC/ODC caused a drastic decrease in the intracellular free cadaverine content in the stationary phase, whereas the putrescine, spermidine, and spermine contents in the stationary phase were on a level with that in the exponential phase (unpublished data). In the current study, we isolated a new protein of 22 kDa (P22), which is induced on entry into the stationary phase of putrescine-grown S. ruminantium cells, as a regulatory factor in LDC/ODC degradation by the ATP-dependent proteolysis system. 11) In the preceding study, we characterized P22 and found that it is a direct counterpart of eukaryotic antizyme (AZ) in the acceleration of the degradation of S. ruminantium LDC/ODC due to its binding to the P22-binding site in the LDC/ODC molecule. 9, 12) We also found that P22 is a ribosomal protein of S. ruminantium with no similarity to mouse AZ in amino acid sequence. 12) Recently, we observed that S. ruminantium grew normally even in the presence of 5 mM DFMO when 10 mM L-arginine was supplied in a chemically defined medium (CD medium).
9) When S. ruminantium was grown with 14 C-labeled L-arginine in the presence of DMFO, the radioactive L-arginine was incorporated into the cells and converted into agmatine and putrescine. These findings suggest that S. ruminantium has an agmatine pathway besides the ornithine pathway for the synthesis of putrescine. We discovered the presence of L-arginine decarboxylase (ADC), the first enzyme in the agmatine pathway. We purified and characterized ADC, and cloned the ADC gene (adc) from S. ruminantium chromosomal DNA. Furthermore, we identified agmatine deiminase (aguA) and N-carbamoylputrescine (NCP) amidohydrolase (aguB) genes from a flanking region of adc. They are involved in the conversion of agmatine to putrescine. These genes were cloned and expressed in Escherichia coli, and recombinant AguA and AguB (rAguA and rAguB) were purified and characterized. Expression of AguA and AguB in S. ruminantium was confirmed immunologically using anti-rAguA and -rAguB antisera, respectively.
Materials and Methods
Materials. DFML, DFMO, and DL--difluoromethylarginine (DFMA) were kind gifts from Merrel Daw Research Institute (Cincinnati, OH). Agmatine was purchased from Aldrich (St. Louis, MO). NCP was synthesized chemically according to the method described by Smith and Garraway. 13) Plasmids pMW118 and pMW119 were purchased from Nippon gene (Tokyo) and plasmids pET15b and pET28b were from Novagen (Madison, WI). Restriction enzymes, T4 DNA ligase, and Taq DNA polymerase were from Takara, (Otsu, Japan). A HiTrap chelating HP column, Hybond ECL membrane, and L-[U-
14 C]arginine (11 GBq/mmol) were from GE Healthcare Bio-Science (Chalfont St. Giles, UK). Lysylendopeptidase and Freund's complete adjuvant was from Wako Pure Chemical Industry (Osaka, Japan). Anti-rabbit and anti-mouse IgG (Fc)-alkaline phosphatase conjugate were from Promega (Madison, WI). ABI PRIZM BigDye Terminator Cycle Sequencing Ready Reaction kit was from Applied Biosystems (Foster city, CA). Unless otherwise stated, chemicals used in this study were of the best grade commercially available.
Bacterial strains and plasmids, and culture conditions. The strains used in this study included S. ruminantium subsp. lactilytica, 9) and E. coli DH5 and E. coli Rosetta (DE3) (Novagen) which were used as host strains. Culture media included a Bacto-tryptone (1%)-Bacto-yeast extract (1%)-glucose (0.5%) medium supplemented with 0.01% caproic acid (TYG) and CD medium 10) for S. ruminantium, and an LB medium for E. coli strains. S. ruminantium was grown under anaerobic conditions, as described previously.
9)
Reaction mixture and enzyme assay. ADC, AguA, and AguB were assayed by measuring agmatine, NCP, and putrescine, which were converted from L-arginine, agmatine, and NCP respectively by ADC, AguA, and AguB. For ADC assay, the reaction mixture contained 50 mM potassium phosphate buffer (pH 6.5), 10 mM Larginine, 50 mM PALP, 1 mM dithiothreitol (DTT), and an enzyme peparation in a total volume of 100 ml. AguA and AguB activities were assayed in 50 mM PIPES buffer (pH 6.5) containing 1 mM DTT, 25 mM agmatine for AguA and 10 mM NCP for AguB, and the enzyme preparation in a total volume of 100 ml. The reaction mixtures were incubated for 10 min at 50 C for ADC and 40 C for AguA and AguB. The reaction was stopped by adding TCA at a final concentration of 5%, and the precipitate was removed by centrifugation at 10;000 Â g for 5 min. The amounts of agmatine, NCP, and putrescine were measured by HPLC using a TSKgel Polyaminepak column (Tosoh, Tokyo) and cellulose thin-layer electrophoresis using a cellulose plate 5716 (Merk, Darmstadt, Germany) by the method described previously. 14) One katal (kat) of each enzyme activity was defined as the formation of 1 mole each of agmatine, NCP, and putrescine per second. Specific activity is given as kat/kg of enzyme. The kinetic parameters, K m , V max , and K i were calculated from initial rate measurements for the decarboxylation of L-arginine, the formation of NCP, and putrescine by fitting to the Michaelis-Menten equation using a nonlinear regression algorithm.
Purification of S. ruminantium ADC. S. ruminantium cells were grown in 100 liters of TYG medium supplemented with 20 mM L-arginine. Cells were harvested at mid-exponential phase by continuous centrifugation and washed once with 100 mM potassium phosphate buffer (pH 7.0) containing 5 mM MgCl 2 . The cells (wet weight, 134.7 g) were suspended in 300 ml of 50 mM potassium phosphate buffer, pH 7.0, containing 10 mM 2-mercaptoethanol and 0.1 mM PALP (buffer A), and disrupted in a French pressure cell (SLM Instrument, Rochester, NY) at 1,000 kg/cm 2 . After centrifugation at 20;000 Â g for 20 min, the supernatant obtained was dialyzed against 250 mM potassium phosphate buffer (pH 7.0) containing 10 mM 2-mercaptoethanol and 0.1 mM PALP, and heated at 62 C for 10 min with gentle swirling. After centrifugation at 20;000 Â g for 30 min, the supernatant was collected and then put on a TSKgel DEAE-Toyopearl 650M column (40 Â 240 mm; Tosoh, Tokyo), which was equilibrated with 50 mM potassium phosphate buffer, pH 7.0 (buffer B). The column was washed with buffer B and then eluted with a linear gradient of NaCl in buffer B (0 to 500 mM). Active fractions, eluted from 250 to 350 mM NaCl, were collected and dialyzed against buffer A, and then put on a TSKgel DEAE-5PW column (21:5 Â 150 mm; Tosoh, Tokyo), which was equilibrated with buffer B. The column was washed with buffer B and eluted with a linear gradient of NaCl (0 to 400 mM). The active fractions eluted from 220 to 250 mM NaCl in buffer B were pooled. After it was dialyzed against buffer A, the enzyme fraction was put on a TSKgel HA-1000 column (7:5 Â 75 mm; Tosoh) equilibrated with buffer B. The column was washed with buffer B. The enzyme was then eluted with a linear gradient of potassium phosphate from 50 to 200 mM, pH 7.0. The fractions eluted from 60 to 80 mM potassium phosphate were pooled. After dialysis against buffer A, the enzyme fraction was put on a Mono Q HR 5/5 column (5 Â 50 mm; Pharmacia, Uppsala) equilibrated with buffer B. The column was washed with buffer B and eluted with a liner gradient of NaCl in buffer B (0 to 500 mM). The fractions eluted from 280 to 330 mM NaCl were pooled and dialyzed against buffer A.
Determination of the N-terminal and internal amino acid sequences of S. ruminantium ADC preparation. The purified ADC preparation (200 mg) was dissolved in 1 ml of 70% formic acid containing 400 mg of CNBr and kept in the dark under N 2 gas at 24 C for 24 h. Alternatively, the purified ADC preparation (100 mg) was completely digested with 1 mg of lysylendopeptidase at 37 C for 12 h in 0.4 ml of 100 mM Tris-HCl buffer (pH 9.0). Peptide fragments were subjected to SDS-PAGE in a Tris-tricine buffer system, and then the separated peptides were transferred to an Immobilon-P membrane (Millipore, Bedford, MA) by the method described previously.
14) The N-terminal amino acid sequences of the peptides were analyzed with an Applied Biosystems protein sequencer Model 491. The N-terminal sequence of the purified ADC was determined to be M 1 DRINQHTAPVYEAMLELRKRRVV-PFD 27 . The amino acid sequences of four internal peptide fragments, that were isolated were determined to be EAEELTADAFGAQHAFFMVHGTT, VLSTVRA, ALSDVERAIRQ, and KVLVDEAHGT. From the DNA sequencing of adc, the amino acid sequences corresponding to the N-terminal 27-residue and 23-, 7-, 11-, and 10-residue segments were found.
Preparation of oligonucleotide primers for cloning of adc from S. rumiantium. According to the N-terminal (Met 1 -Asp-Arg-Ile-Asn-Gln-His 7 ) amino acid sequence of intact ADC and its lysylendopeptidase fragment, NH 2 -Asp-Glu-Ala-His-Gly, the oligonucleotide primers Fw (5 0 -ATGGA(TC)CG(ATGC)AT(TCA)AA(TC)CA-(AG)CA-3 0 ) and Rv (5 0 -GT(ATGC)CC(AG)TG(ATG-C)GC(TC)TC(AC)TC-3 0 ) were designed. In combination with each primer, an approximately. 600-bp fragment was amplified from the chromosomal DNA of S. ruminantium by PCR using a Takara Ex Taq polymerase. The amino acid sequence predicted from the DNA sequence in the amplified DNA fragment corresponded to that of the 16 respectively, of intact ADC. Hence, the 600-bp PCR fragment was used as a DNA probe in the cloning of adc from the S. ruminantium chromosomal DNA.
Cloning of S. ruminantium ADC gene (adc) and its DNA sequencing. A 3.5-kbp EcoRI fragment of chromosomal DNA of S. ruminantium was strongly hybridized with the probe. We amplified the 3.5-kb fragment by inverse PCR using internal primers of a 605-bp fragment. As a result of inverse PCR walking, the nucleotide sequence of a 10.5-kb region containing adc and its flanking region was determined.
ORF identification, homology search, and alignment of multiple nucleotide and amino acid sequences. Protein and nucleotide sequences were compared with those on databases using FASTA and BLAST programs implemented at the EMBL/GenBank/DDBJ nucleotide sequence databases and the SWISSPROT/NBRF-PIR protein sequence databases. Multiple-sequence alignment was done using a GENETYX program (Software Development, Tokyo).
Construction of plasmids pET28b-adc, -orf6, and -orf7 for expression of S. ruminantium ADC, ORFs 6 and 7 in E. coli. To construct an expression system for rADC, ORFs-6 and -7, DNA fragments, including a cording region of ADC, ORFs-6 and -7, were amplified by PCR and ligated into plasmid pET28b. The resulting plasmids were designated pET28b-adc, -orf6, and -orf7. Each plasmid was transformed into E. coli Rosetta (DE3). Cells carrying each plasmid was grown in LB medium containing kanamycin (20 mg/ml) at 37 C with shaking to an optical density of 0.6 at 600 nm, IPTG was added at a final concentration of 0.4 mM, followed by incubation with shaking for an additional 2 h. The cells were collected by centrifugation at 4 C and suspended in 50 mM potassium phosphate buffer (pH 7.4) containing 50 mM PALP, and disrupted in a French pressure cell. The cell lysate was centrifuged at 8;000 Â g for 20 min at 4 C, and the supernatant was used for purification of rADC and ORFs 6 and 7.
Site-directed mutagenesis of adc and orfs 6 and 7. Site directed mutagenesis was done by the overlapping extension method. 15, 16) The mutation of each mutant was confirmed by DNA sequencing.
Purification of the recombinant proteins. Crude recombinant ADC and ORFs 6 and 7 with His-Tag at the C-terminal were purified with a HiTrap chelating HP column using a linear gradient from 0 to 500 mM imidazole in 20 mM sodium phosphate, pH 7.2, containing 500 mM NaCl. ADC and ORFs 6, and 7 were eluted in a fraction containing 150 mM imidazole. The active fractions were collected and dialyzed against 50 mM PIPES buffer, pH 7.0, containing 1 mM DTT (buffer C) and then applied to a DEAE-5PW column equilibrated with buffer C (Tosoh, Tokyo). After washing of column with the buffer C, the enzymes were eluted with a linear gradient of NaCl from 0 to 500 mM in buffer C. The active fractions from the DEAE-5PW column was dialyzed against buffer C and then ammonium sulfate was added at a final concentration of 1,000 mM and applied to a phenyl-5PW column (Tosoh), which was equilibrated with buffer C containing 1,000 mM ammonium sulfate. After the column was washed with buffer C containing 1,000 mM ammonium sulfate, enzyme fractions were eluted with a linear gradient of ammonium sulfate from 1,000 mM to 0 mM in buffer C. The molecular masses of the recombinant proteins were measured with a TSK gel G3000SW gel filtration column (Tosoh; diameter, 0.75 cm; height, 30 cm) equilibrated with 50 mM potassium phosphate buffer (pH 6.0) containing 200 mM NaCl, using albumin (64.7 kDa), ovalbumin (45.8 kDa), chymotrypsinogen (19.9 kDa), and ribonuclease A (15.4 kDa) as molecular standards.
Preparation of anti-S. ruminantium ADC, -rAguA, and -rAguB antisera. Mice antiserum raised against rADC, rAguA, and rAguB was prepared by the method described previously. 8) Miscellaneous. Quantitative assay of protein and SDS-PAGE were performed by the methods described previously. 8) Nucleotide sequence accession numbers. The nucleotide sequences of adc, orfs-1, -2, -3, -4, -5, -6, and -7 have been deposited in the DDBJ/EMBL/GenBank nucleotide sequence databases under accession Nos. AB198397, AB198398, AB196518, AB198392, AB198-393, AB198394, AB198395, and AB198396.
Results and Discussion
Conversion of L-arginine into agmatine and putrescine S. ruminantium cells were grown at 37 C in CD medium supplemented with 10 mM 14 C-labeled L-arginine in the presence of 5 mM DFMO. At the times indicated in Fig. 1 , cells were harvested and treated with 10% cold TCA. After centrifugation, the TCA soluble fraction was analyzed by cellulose thin-layer electrophoresis (Fig. 1) . As shown, the labeled L-arginine was incorporated into the cells up to 4-h after incubation. Thereafter, the amount of L-arginine decreased between 0.5 and 8, accompanied by an increase in agmatine and putrescine. After 10 h of incubation, no L-arginine was detected in the TCA soluble fraction. On the other hand, the accumulation of putrescine in the TCA soluble fraction proceeded up to 12 h after incubation. The data clearly showed that 14 C-lableled L-arginene incorporated into the cells was converted into agmatine and putrescine in S. ruminantium in the presence of 5 mM DMFO. Therefore, it is suggested that S. ruminantium has ADC pathway for the synthesis of putrescine.
Detection of ADC in the crude extract from S. ruminantium
The ADC activity during growth of the S. ruminantium cells in TYG medium supplemented with 10 mM L-arginine and 0.01% capric acid was examined. Sonicated extracts from the cells were taken at various times after inoculation and ADC activity was assayed. ADC activity was detected, and the activity in all the cells in culture increased up to 6 h, and reached approximately 3:9 Â 10 À9 kat/liter of culture, and decreased thereafter. Accordingly, the timing of cell harvest for preparation of crude extract from the cells was taken to be during the period, 3.5-4.0 h (O.D.660 = 1.0) after inoculation. When the cells were grown in CD medium without L-arginine, no detectable ADC activity was found in the crude extract prepared from the cells. S. ruminantium cells were cultured in CD medium supplemented with 10 mM L-[U-
14 C]arginine (0.18 MBq) and 5 mM DFMO. At the times indicated, cells were harvested and extracted with 5% TCA. After the precipitate was discarded by centrifugation at 10;000 Â g, the supernatant was analyzed by cellulose thin-layer electrophoresis to detect 14 C-arginine, -agmatine, and -putresine.
Purification and characteristics of S. ruminantium ADC Purification Through the five purification steps shown in Table 1 , ADC was purified about 2,030-fold to electrophoretic homogeneity with a specific activity of 0.25 kat/kg of protein. At the final step of purification, total specific ADC activity increased to about 15 times that at the semi-final step (HA-1000 column chromatography). After MonoQ HR 5/5 chromatography, some contaminants, which prevented the ADC activity, have been removed. Though the inhibitors of ADC were not identified, it is assumed that the inhibitors are entity with high molecular mass, because they did not pass through a cellulose dialyzing bag. The N-terminal amino acid sequence of the enzyme was M 1 DRINQHTAP 10 VY-EAMLELRKRR 22 . The purified ADC can be stored at À80
C for at least 6 months without any appreciable loss in the presence of 1 mM PALP.
The presence of the enzyme molecule in dimeric form with ADC activity
The apparent molecular mass of the purified ADC preparation was 120 kDa as judged by gel filtration analysis, and was 58 kDa on SDS-PAGE (Table 2) . On gel filtration, the monomeric form of ADC of 58 kDa was also separated with no enzyme activity (data not shown). The data show that the active ADC comprised two identical monomeric subunits.
Substrate specificity and inhibitor To determine the substrate specificity of the enzyme preparation, the enzyme concentrations used in the enzyme reaction were held at about 1.0-100 nM. LArginine was the preferred substrate for this enzyme, whereas L-lysine was attacked at a rate of 10% of that for L-arginine. Neither D-lysine, L-ornithine, nor Lhistidine acted as substrate. The kinetics of decarboxylation of L-arginine and L-lysine by the ADC preparation were analyzed by measuring initial velocities over the range of substrate concentrations (1 to 8 mM). Over the concentration range used, both L-arginine and L-lysine behaved as Michaelis-Menten-type substrates ( Fig. 2A  and B) . A double-reciprocal plot of the initial velocities demonstrated that the K m values for L-arginine and L-lysine were 5.6 mM and 50 mM respectively, and that the V max values were 12.5 and 5.9 mmol min À1 mg À1 of protein for L-arginine and L-lysine respectively. DMFA inhibited the decarboxylation of L-arginine and L-lysine by the ADC preparation with K i values of 0.8 mM and 2.1 mM respectively ( Fig. 2A and B) . In the range from 0 to 0.2 mM DFMA, plots of the reciprocals of reaction velocities against L-arginine and L-lysine gave a series of straight lines intercepting a single point on the 1/v axis, indicating that the inhibition type of DFMA is competitive and that the catalytic domains of ADC towards the two substrates are identical. When the enzyme was incubated for 60 min at 4 C with DFMA (10 mM) and dialyzed against buffer A, the decarboxylating activities towards both substrates were irreversibly lost (data not shown), indicating that DFMA is an irreversible inhibitor of S. ruminanitum ADC. On the other hand, neither DFML nor DFMO affected ADC activities.
Optimal conditions for enzyme activity The optimal pH for enzyme activity was 6.5, same as that for an E. coli inducible ADC, but not for constitutive ADC. At pH 7.0, 8.0, and 9.0, the activity decreased to 80%, 70%, and 50% as compared to that at pH 6.5, respectively. The optimal temperature for the enzyme activity was estimated to be 60 C. The enzyme activities at 10 min of incubation at 50, 55, 60, and 70 C were about 4, 7, 10, and 1.2 times higher respectively than at 40 C. Enzyme stability The purified enzyme preparation, which was stored at pH 6.0 to 7.5 at 4 C, maintained activity for at least 1 month without loss. Full enzyme activities and approximately 50% of them were retained at 50 and 60 C respectively for 60 min in the presence of 1 mM PALP. On the other hand, at 50 C in the absence of PALP, 90% of the activity was lost within 10 min. No enzyme activity was observed in the enzyme preparation heated at 70 C for 60 min even in the presence of 1 mM PALP. Table 2 shows a comparison of properties of S. ruminantium ADC with that of ADCs from E. coli, [17] [18] [19] soybean, 20) and rat. 21) S. ruminantium ADC was markedly different from the other ADCs listed in this table in enzyme properties, except for a similarity in the cofactor requirement for the enzyme activity. S. ruminantium ADC of 120 kDa, consisted on two identical subunits of 58 kDa, whereas the E. coli constitutive (296 kDa) and inducible (820 kDa) ADCs consisted of three identical subunits of 72 kDa 18) and 10 identical subunits of 820 kDa 22) respectively. It is also of interest that S. ruminantium ADC activity was not inhibited by putrescine, spermidine, agmatine, or -hydroxy--guanidovaleric acid, which are known to be strong inhibitors of the other ADCs shown in Table 2 . 23, 24) A comparison of the fold type of S. ruminantium ADC and others is discussed below.
Comparison of properties of S. ruminantium ADC with other ADCs

Nucleotide sequence of the S. ruminantium ADC gene (adc)
The determined 11.5-kbp sequence included the adc gene and 7 ORFs (Fig. 3A) . The ORF for the adc gene (solid arrow in Fig. 3A ) encoded a 485-amino acid protein of 53,313 Da whose N-terminal sequence matched that determined for purified ADC. The adc gene, spanning positions 2,961-4,410 within the cloned genomic sequence, started with an ATG codon and ended with a TAA stop codon. Putative À35 (TTGCTT) and À10 (TAAAAT) sequences were found 84 and 61 bp upstream of the translation initiation codon of adc respectively (Fig. 3B) . Ten base pairs upstream of the ATG codon, a ribosomal binding site consensus sequence (GGAGG), was found at position 2,951-2,955.
No termination loop was found downstream of the TGA stop codon. To confirm that adc was the gene encoding S. ruminantium ADC, the cloned adc was expressed in E. coli. The recombinant ADC (rADC) was purified and its characteristics were compared with that of ADC preparation. The purified rADC protein had characteristics identical to those of the native ADC protein.
Amino acid sequence homologies of S. ruminantium ADC with other bacterial decarboxylases
A comparison of the deduced amino acid sequence of S. ruminantium ADC with those of other possible bacterial decarboxylases revealed that S. ruminantium ADC showed 40 to 68% identities with possible arginine, ornithine, and lysine decarboxylases from genome sequencing of Streptococcus pneumoniae, Clostridium perfringens, Fusobacterium nucleatum, Bacillus cereus, and putative decarboxylases from Symbiobacterium thermophilium and Thermoanaerobacter tengcongesis (Fig. 4) . Grishin et al. have proposed a topographic model of the PALP-binding domain of eukaryotic and prokaryotic ODCs by the analysis of known barrel structures of ODCs. 25) They classified the PALP-utilizing enzymes into seven fold types from the predicted secondary structures, and showed that the prokaryotic ODCs, prokaryotic LDCs, and bacterial inducible ADCs belong to fold type I. One of these, inducible ODC from Lactobacillus 30a, has three amino acids involved in PALP binding in its active center. Lys-355 in the Ser-X-His-Lys motif, which is commonly found in PALP-dependent decarboxylase, forms a Schiff base with PALP. An invariant Asp-316 residue is also a common motif found in many PALP-dependent enzymes. 25, 26) Although S. ruminanitum ADC showed less than 20% identity in amino acid sequence of inducible ODC from Lactobacillus 30a, E. coli constitutive LDC, and E. coli inducible ADC (AdiA), 27) which belongs to fold type I (Table 2) , S. ruminanitum ADC and predicted enzymes listed in Fig. 4 shared three residues (His-117, Asp-197, and Lys-228) that are involved in PALP binding in fold type I decarboxylases (Fig. 4 ). An H117A mutant of S. ruminantium ADC lost its activity even in the presence of PALP. On the other hand, S. ruminantium ADC showed no homology with an E. coli constitutive ADC, 28) which belongs to fold type III as do eukaryotic ODC and plant ADC.
25) The data suggested that S. ruminanitum ADC belongs to fold type I decarboxylase.
Nucleotide sequencing analysis of the flanking region of adc
Two orfs (orf6 and orf7 in Fig. 3A ) that showed high homology with the genes encoding agmatine utilization enzymes, were found downstream of the adc gene. ORF6, which consists of 372 amino acids, had 54% and 43% identity in amino acid sequence with agmatine deiminase of Peudomomas aeruginosa 29) and Streptococcus mutans 30) respectively, and 48% identity with peptidyl-arginine deiminase-like protein of Listeria monocytogenes (accession no. AAG03681). ORF7, which is composed of 292 amino acids, had 57% identity in amino acid sequence with NCP amidohydrolase of Peudomomas aeruginosa. ORF7 also showed 71, 58, 57, and 55% identities with carbon-nitrogen hydrolase family proteins from Streptococcus pneumoniae (accession no. AAK75046), Erwinia carotovora (accession no. CAG77171), Caulobacter crescentus (accession no. AAK22199), and Burkholderia pseudomallei (accession no. CHA34094) respectively. These results suggest that S. ruminantium has an agmatine pathway for putrescine synthesis that includes ADC, agmatine deiminase, and NCP amidohydrolase.
ORFs-1, -2, -3, -4, and -5, encoding 467-, 207-, 286-, 439-, and 391-amino acid proteins respectively, were also identified. The amino acid sequences of ORFs-1, -2, -3, -4, and -5 exhibited 61, 31, 67, 59, and 61% overall identify with putative Na þ /melibiose symport or related transporter (accession no. ZP 00732149), putative cytidylate kinase (accession No. EAA23705), putative spermidine synthase (accession no. AAK75042), putative saccharopine dehydrogenase (accession no. AAB37-373), and putative carboxynorspermidine decarboxylase of Streptococcus pneumoniae (accession No. BAB07-677) respectively. At positions 10 to 15 bp upstream of the first ATG codons of orfs4, -5, -6, and -7, putative ribosomal binding sites were observed. An invertedrepeat sequence consisting of a stem-loop with a 12-bp Cloning of the orf6 and orf7 genes, and preparation of recombinant ORF6 and ORF7
The orf 6 and -7 genes were amplified by PCR and cloned to pET, and recombinant ORF -6 and -7 proteins were expressed as C-terminal His 6 -tag fusion proteins in E. coli Rosetta (DE3). Recombinant proteins were purified by Ni 2þ chelating affinity, DEAE-5PW, and phenyl-5PW column chromatographies to electrophoretic homogeneity. The enzyme activities of the purified recombinant ORF6 and ORF7 preparations were examined using agmatine and NCP respectively as substrates (Fig. 5) . Agmatine was converted to a ninhydrin-positive product, showing migration similar to that of authentic NCP, by rORF6 (Fig. 5) . The reaction product from agmatine by rORF6 was analyzed with an API 2000 mass spectrophotometer. Its molecular mass was 131.8 Da identical to that of authentic NCP. NCP was converted to putrescine by ORF7 (Fig. 5) . From these results, ORFs 6 and -7 were confirmed as agmatine deiminase and NCP amidohydrolase respectively. Hence, orfs6 and -7 were designated the agmatine deiminase gene (aguA) and the NCP amidohydrolase gene (aguB), respectively.
Expression of aguA and aguB in S. ruminantium Expression of aguA and aguB in S. ruminantium cell was examined by Western blotting analysis using antirAguA and -rAguB antisera (Fig. 6) . Both AguA and AguB were detected in the cells grown in TYG medium, indicating that both aguA and aguB were expressed in S. ruminantium.
Properties of rAguA and rAguB The molecular masses of S. ruminantium AguA and AguB were calculated to be 41,391 Da and 32,532 Da respectively from their predicted amino acid sequences. The molecular mass of the rAguA preparation as measured by SDS-PAGE and gel filtration analysis was 45 kDa. On the other hand, the determined molecular mass of the rAguB preparation was 37 kDa by SDS-PAGE and the 80 kDa by gel filtration analysis. The data show that S. ruminantium rAguA and rAguB consisted S. ruminantium cells were grown in TYG medium. At the times indicated in this figure, cells were harvested and disrupted by sonication. The sonicated extract was analyzed by SDS-PAGE, followed by Western blotting for the presence of AguA and AguB, using anti-rAguA and -rAguB antisa respectively. of a monomer and a homodimer respectively. AguAs from Pseudomonas aeruginosa, 31) Arabidopsis thaliana, 32) maize shoots, 33) and rice 34) have been reported to be homodimers consisting of 43, 43, 44, and 95 kDa subunits respectiverly, except that from soy bean, with a monomer of 70 kDa. 35) AguBs from P. aeruginosa and A. thaliana have been reported to consist of homohexamers consisting of subunits of 33 kDa, and 35 kDa respectively. 3, 31, 36) The optimum pH and temperature for rAguA were 6.5 and 45 C, respectively. The enzyme was stable for 30 min in a pH range of 6.0 to 9.0 and at temperatures below 40 C. Optimum pH for rAguB activity was about 7.0, and the enzyme was stable from pH 6.0 to 8.0. The optimum temperature for rAguB was 45 C. AguB activity was stable at up to 70 C for 30 min in 50 mM PIPES buffer (pH 6.5).
The Km and V max values obtained from a Lineweaver-Burk plot were 6.67 mM and 1.22 nmol/min/mg protein of rAguA towards agmatine and 0.22 mM and 0.33 nmol/min/mg protein of rAguB towards NCP respectively. AguA from rice seedlings showed high Km (15 mM), 4) while the Km values for AguA from P. aeruginosa 27) A. thaliana, 3) maize shoots, 33) soybean, 35) and cucumber 37) were lower than 1 mM. The K m value for S. ruminantium rAguB was almost the same as those for AguB from P. aeruginosa, 31) A. thaliana, 3) and maize shoots.
33)
The effects of metal ions on rAguA and rAguB activities were also examined. Metal ions, including Al 3þ , Co 2þ , Cu 2þ , Fe 2þ , Fe 3þ , Ni 2þ , and Zn 2þ , inhibited rAguA activity at 1 mM, but Mn 2þ did not. This was similar to AguA from soy bean, 35) ice seedling, 34) and corn. 38) On the other hand, rAguB was strongly inhibited by Co 2þ , Fe 2þ , Mn 2þ , and Zn 2þ . Iodoacetamide and Hg 2þ were strong inhibitors of both rAguA and rAguB activities. These results suggest that cysteine residues in rAguA and rAguB molecules are pivotal in the catalysis of both enzymes.
Effect of site-directed mutagenesis on the activities of rAguA and rAguB Alignment of AguA among several homologs obtained from GenBank revealed that C361 residue wasconserved. On the other hand, triad conserved regions containing glutamate, lysine, and cysteine residues in the nitrilase family, and K147, C153, and E160 residues, were found in S. ruminantium rAguB. Hence, the roles of these conserved cysteine residues in rAguA and rAguB were examined by site-directed mutagenesis. The C361A mutant of rAguA showed 20% of the activity of wild-type rAguA. On the other hand, the C153A and E160A mutants of rAguB completely lost activity. These results confirm the inhibitory effect of the thiol-modifying agent, iodoacetamide, and Hg 2þ on the cysteine residues of AguA and AguB.
